1. Introduction {#sec1-micromachines-10-00511}
===============

Heavy metal ions such as lead, cadmium, zinc, and copper are well-studied water and soil pollutants that pose a threat to public health and have a lingering impact on various ecosystems. They are non-biodegradable and have long biological half-lives, thus lasting longer in aquatic and terrestrial environments, negatively affecting both humans and other living organisms. Currently, contamination by heavy metal ions has attracted increasing public awareness due to galvanic corrosion which contributes to raising lead levels in drinking water distribution systems \[[@B1-micromachines-10-00511]\]. With an increased concern over heavy metal contamination as a public health hazard, the regulations toward heavy metals in drinking water are becoming stricter (e.g., 0.015 ppm of Pb^2+^ and 1.3 ppm of Cu^2+^) \[[@B2-micromachines-10-00511]\]. Heavy metal contaminations can be found in liquid wastes of many related industries (e.g., mining operations and metal processing) \[[@B3-micromachines-10-00511]\]. The traditional methods such as electrothermal atomic absorption spectrometry (EAAS), flame atomic absorption spectrometry (FAAS), and inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma (ICP)) have provided accuracy and reliability in detecting heavy metals. However, they often require large, expensive instruments, highly trained technicians, considerable time-consuming efforts, large volumes of reagents, an invasive collection of samples in the field, and transportation to centralized laboratories for analyses. The long-time delays associated with current procedures are considered inadequate for on-site applications and cannot be used for taking preventive measures in the early stages of the escalation of water crises. It is of vital importance to develop a quick, simple, reliable method for heavy metal detection that can be used for real-world applications \[[@B4-micromachines-10-00511]\].

Electrochemical detection is a unique and promising advancement in that it is suited for simple and rapid analysis and an ideal design for fabrication on small circuits in the form of portable devices \[[@B5-micromachines-10-00511],[@B6-micromachines-10-00511]\]. Specifically, square wave anodic stripping voltammetry (SWASV) has been extensively studied for heavy metal detection in water \[[@B7-micromachines-10-00511],[@B8-micromachines-10-00511]\]. Mercury (Hg) \[[@B9-micromachines-10-00511],[@B10-micromachines-10-00511],[@B11-micromachines-10-00511]\] and bismuth (Bi) \[[@B12-micromachines-10-00511],[@B13-micromachines-10-00511],[@B14-micromachines-10-00511],[@B15-micromachines-10-00511]\] have been used as sensing materials due to their formation of amalgam with different analytes. Among them, Bi provides several advantages of partial insensitivity to dissolved oxygen (DO), and its ability to operate in high pH solutions, and the better separation between peaks in stripping analyses \[[@B16-micromachines-10-00511]\] over Hg which is not environmentally benign due to its high level of toxicity \[[@B17-micromachines-10-00511]\]. It is well studied that bismuth forms an alloy with transition metal ions instead of competing for the surface site \[[@B15-micromachines-10-00511]\]. The formation of the alloy is responsible for the excellent stripping performance of the bismuth-coated electrode \[[@B15-micromachines-10-00511]\]. However, its mechanical characteristics limit its functions as a robust electrode material due to its brittleness that often results in detachment of Bi from the base electrode \[[@B18-micromachines-10-00511]\].

Recently, the biopolymer (e.g., chitosan) has been recognized as a promising supplementation to Bi and other metal film electrodes due to its relatively high mechanical strength, good adhesion to traditional electrochemical surfaces, high permeability towards water, water solubility (at low pH), biocompatibility and low cost \[[@B19-micromachines-10-00511],[@B20-micromachines-10-00511],[@B21-micromachines-10-00511]\]. Additional advantageous properties include the formation of stable chelates with many transition metal ions due to the presence of hydroxyl and amino groups, which provide enhanced affinity to metal ions and improved detection sensitivity \[[@B22-micromachines-10-00511],[@B23-micromachines-10-00511],[@B24-micromachines-10-00511],[@B25-micromachines-10-00511]\]. However, only a few reports on the use of Bi-chitosan composite are available, for example, in determining Sunset Yellow or Carmoisine in food colorants \[[@B26-micromachines-10-00511]\] and for DNA immobilization and hybridization detection \[[@B27-micromachines-10-00511]\]. The use of a Bi-chitosan composite film for heavy metal detection is still at an early developmental stage. Furthermore, in order to validate the environmental sensing applications of Bi-chistosan composite-based electrodes, a series of experiments are required to evaluate how well the sensors work in real contaminated water environments beyond preformulated stock solutions. In real deployment conditions, temperature is another parameter that is to be accounted for the analytical performance of a sensor, since it may affect the affinity and mobility of the metal ions in solution \[[@B28-micromachines-10-00511]\]; however, there are no reports on temperature effects of a Bi-chitosan composite sensor. The acidic drainage temperature reported is typically less than 5 °C for 3--5 months and 18--23 °C for 5--8 months of the year \[[@B29-micromachines-10-00511]\]. In this study, we developed a nanocomposite film with Bi and chitosan to increase both mechanical stability and electrochemical sensitivity for improved heavy metal detection. The developed sensor was then characterized for detecting Cd^2+^, Pb^2+^, and Zn^2+^ ions. The sensor performance was evaluated comprehensively in terms of representativeness, repeatability, limit of detection (LOD), lifetime and temperature effect with mining wastewater and contaminated soil leachate.

2. Materials and Methods {#sec2-micromachines-10-00511}
========================

2.1. Chemicals {#sec2dot1-micromachines-10-00511}
--------------

Carbon, silver, and insulating polymer pastes used for fabricating a screen printed sensor were purchased from Daejoo Electronic Materials Co. Ltd. (Gyeonggi-do, Korea). A 0.1 M acetate buffer solution (AcB) with pH 4.5 was prepared by mixing the premeditated amount of acetic acid in DI water. Stock solutions of 0.1 M Zn^2+^, Cd^2+^ and Pb^2+^ were prepared by dissolving the appropriate amount of cadmium (II) nitrate, lead (II) nitrate, and zinc (II) chloride in DI water. All other chemicals in this study were analytical grade, purchased from Sigma-Aldrich and used without further purification.

2.2. Bi-Chitosan Sensor Fabrication {#sec2dot2-micromachines-10-00511}
-----------------------------------

For a low-cost substrate, a polyvinyl chloride (PVC) film (Grafix, Maple Heights, OH, USA) was used for screen printing of silver, carbon, and insulation layers. [Figure 1](#micromachines-10-00511-f001){ref-type="fig"} shows the screen-printing procedure and electrochemical co-deposition of Bi and chitosan on the working electrode (carbon). Three metal mesh screens for each layer formation were designed using AutoCAD and purchased from NBC Meshtec Americas Inc. (Batavia, IL, USA). For a screen-printing of three layers, a silver paste as a conductive layer was printed first on the PVC substrate and dried for 4 h at 23 °C. Next, a carbon paste was printed for forming two separate layers of the counter and the working electrode and were also dried for 4 h at 23 °C. Lastly, an insulating layer was formed to seal the silver conductive layer, excluding the working and counter electrodes. After curing the insulating layer with UV light (36 W) for 2 h, the screen printed electrodes were then polished using a DI water infused with 1 µm alumina particles to remove particle debris and provide a flat, isotropic surface \[[@B30-micromachines-10-00511],[@B31-micromachines-10-00511]\]. Prior to electrodeposition, the polished electrodes were cleaned with DI water and desiccated at room temperature for 12 h.

Bi and chitosan were electrochemically co-deposited on the finished screen-printed carbon working electrode using a three-electrode configuration. An Ag/AgCl electrode (MI-401, Microelectrodes, Inc, Bedford, NH, USA) was used as an external reference electrode. The electrolyte used for co-deposition consisted of 24 mg of chitosan and 0.1M Bi nitrate in 20 mL of acetic acid solution with a concentration of 0.1 M (pH 4.5). The optimized weight ratio of bismuth with respect to chitosan in the electrolyte solution was \~16:1. The solution was continuously stirred for a 24-h period to ensure a well-mixed condition. Then, electrochemical co-deposition was performed under −100 mA/cm^2^ DC current supply for 30 to 180 s and at a current of −200 mA/cm^2^ DC for 120 s to produce a composite film. Finally, the composite film-coated sensor was rinsed with DI water, dried, and stored under ambient conditions before use.

2.3. Characterization of Co-Deposited Bi-Chitosan Nanostructure {#sec2dot3-micromachines-10-00511}
---------------------------------------------------------------

The optical images for Bi-chitosan films were obtained using a microscope (Balplan, Bausch & Lomb microscope, New York, NY, USA). The surface morphology of the composite and characterization of the films were observed using field emission scanning electron microscopy (FESEM) (Hitachi S4700 SEM, Hitachi America, Ltd., New York, NY, USA) and X-ray photoelectron spectroscopy (XPS), respectively. FESEM operated at an accelerating voltage of 10 kV and XPS was performed using an XR-50 dual anode Al/Mg K-alpha X-ray source with a Phoibos100 Hemispherical Analyzer (SPECS GmbH, Berlin, Germany). Monochromatic Al Kα line was used to analyze XPS of the sample. The chamber pressure was maintained below 1.9 × 10^−9^ torr during XPS analysis. Charge transfer resistance at electrode/electrolyte interface was studied using electrochemical impedance spectroscopy (EIS) with PalmSens 3 EIS (PalmSens Compact Electrochemical Interfaces, Houten, Netherlands). EIS measurements were performed using the three-electrode system under polarization potential of −400 mV vs. Ag/AgCl and frequency range 10 mHz to 500 kHz. The aqueous 10 mM potassium ferricyanide (K~3~\[Fe(CN)~6~\]) solution was used as the supporting electrolyte.

2.4. Electrochemical Heavy Metal Detection using SWASV {#sec2dot4-micromachines-10-00511}
------------------------------------------------------

For sensor performance evaluation for heavy metal detection, a commercial electrochemical cell (10 mL, Compact Voltammetry Cell-Starter Kit, Pine instrument, Grove City, PA, USA) was used in a three electrode system (Bi-chitosan co-deposited surface as a working electrode, carbon counter electrode, and an Ag/AgCl electrode). A PalmSens 3 EIS was used as a potentiostat for sensor characterization and performance evaluation. Preliminary evaluation was conducted for scanning the working ranges of potential, deposition time, amplitude, and frequency for SWASV heavy metal detection using the developed sensor. For the detection of multiple heavy metals, Cd^2+^, Pb^2+^, and Zn^2+^ were first deposited at −1.2 V vs. Ag/AgCl simultaneously for 300 s in 0.1 M AcB (pH 4.5) (unless otherwise specified). Next, the deposited metals on the Bi-chitosan nanostructure film were stripped off under the optimized SWASV condition (i.e., a step potential of 4 mV, 50 mV amplitude, and a frequency of 20 Hz). For sequential measurements, the working electrode was cleaned at −0.3 V for 300 s before the next measurement to remove remnants of heavy metal ions that may have been deposited on the electrode surface in the previous measurement. The cleaning step showed no structural damage of the preformed Bi nanostructure on the working electrode surface. All experiments were performed in duplicate and data were expressed in terms of the mean ± standard deviation (SD).

Limit of detection (LOD) was determined using the following equation: C~L~ = kS~B~/b (Equation (1)) \[[@B32-micromachines-10-00511]\], where C~L~ signifies the detection limit, S~B~ represents the standard deviation of blank signals, k is a parameter with a value of 3, and b is the slope of the calibration curves.

2.5. Real Wastewater Samples {#sec2dot5-micromachines-10-00511}
----------------------------

For the sensor evaluation in real environmental samples two wastewater samples were obtained: one from a mining site (Il-gwang mine) and the other from a soil contaminated site (Jukcheong mine) in South Korea \[[@B33-micromachines-10-00511]\]. Regarding soil leachate preparation, the soil from the Jukcheong mine site was first sieved using a \#10 (2 mm) sieve and dried overnight to ensure adequate moisture removal. Next, the soil was sonicated with 1M HCl (1:3 soil/liquid ratio) at 28 kHz for 30 min and the treated soil was then analyzed following by the standard method of environmental pollutions for soil pollution \[[@B34-micromachines-10-00511]\]. The soil was then left to dry overnight, and 3 g of the dried soil sample was added to a highly corrosive/extractive mixture of strong acids (HNO~3~ 7mL + HCl 21 mL). Heavy metals were extracted from the sample using a trace metal digestion system (Gerhardt SMA20A, CM Corporation Ltd., Seoul, Korea) and then filtered using a slurry filtration system (Whatman filter paper No. 40, Whatman^®^, Pittsburgh, PA, USA). The concentrations of Pb^2+^, Cd^2+^, Zn^2+^, and Cu^2+^ in the filtered solution were analyzed with ICP-MS (ICPS-7500, Shimadzu, Kyoto, Japan) ([Table S1](#app1-micromachines-10-00511){ref-type="app"}). The ICP-MS was calibrated with an ICP multi-element standard solution IV (Merck Millipore). For a sensor performance evaluation with different temperatures, two temperatures were used at 4 °C and at 23 °C with a relative humidity of 45%.

3. Results and Discussions {#sec3-micromachines-10-00511}
==========================

3.1. Characterization of Bi-Chitosan Modified Electrode {#sec3dot1-micromachines-10-00511}
-------------------------------------------------------

The co-deposited Bi-chitosan nanocomposite film on the bare carbon electrode was characterized using XPS and SEM analysis, and a survey scan of the Bi-chitosan nanocomposite is shown in [Figure 2](#micromachines-10-00511-f002){ref-type="fig"}a. The spectrum of the nanocomposite contains peaks associated with C, O, N, and Bi. The high-resolution spectrum of Bi, Bi 4f ([Figure 2](#micromachines-10-00511-f002){ref-type="fig"}b) reveals four distinct peaks. The Bi 4f~5/2~ and Bi 4f~7/2~ spin orbital splitting of Bi metal are at binding energies of 157.2 eV and 162.5 eV, respectively, and these peaks and 5.3 eV of energy splitting between two orbits are in agreement with reported values elsewhere \[[@B35-micromachines-10-00511],[@B36-micromachines-10-00511]\]. Similarly, spin orbital energy splitting of Bi 4f~5/2~ and Bi 4f~7/2~ is at binding energies of 159.3 eV and 164.6 eV, respectively, corresponding to a 3+ oxidation state of the Bi atom. Similar to metal Bi, the energy difference between two-spin orbital energy splitting of 3+ oxidized Bi is 5.3 eV. Therefore, it can be concluded that Bi is deposited as a mixed form of metal Bi and the 3+ oxidation state of the Bi atom. [Figure 2](#micromachines-10-00511-f002){ref-type="fig"}c shows N 1s high-resolution spectrum of the composite film. The peak at 399.3 eV is assigned to the amino group involved in the hydrogen bond, whereas the peak at 401.7 eV is a result of chelation between the amino group and the Bi metal \[[@B37-micromachines-10-00511]\]. The O 1s high-resolution signal is presented in [Figure 2](#micromachines-10-00511-f002){ref-type="fig"}d. The peaks observed at 532.6 and 533.8 correspond to C-OH and O-C-O, respectively \[[@B35-micromachines-10-00511]\]. [Figure 2](#micromachines-10-00511-f002){ref-type="fig"}e shows C 1s spectra of the film reveals 285.4, 286.7, 287.9 and 290.1 peaks and these peaks are assigned to C-NH~2~, C-O, C=O, and O=C-O group in the metal-polymer composite film \[[@B38-micromachines-10-00511],[@B39-micromachines-10-00511]\]. The XPS analysis proves that the Bi-chitosan composite material was successfully deposited on the carbon substrate.

Optical images of the sensor and SEM images of the Bi-chitosan nanocomposite film on the carbon electrode are presented in [Figure 3](#micromachines-10-00511-f003){ref-type="fig"}. [Figure 3](#micromachines-10-00511-f003){ref-type="fig"}a shows the fabricated sensor. A uniform porous nanostructure was observed as shown in [Figure 3](#micromachines-10-00511-f003){ref-type="fig"}b,c on the Bi-chitosan deposited film, providing a high surface area, desirable for improved sensitivity compared to the bare carbon electrode ([Figure 3](#micromachines-10-00511-f003){ref-type="fig"}d). To investigate the effect of electrodeposition conditions on the Bi-chitosan nanocomposite film thickness and the sensitivity toward heavy metal ions, five different electrodeposition conditions (e.g., different electrodeposition times between 30 and 180 s at −100 mA/cm^2^ and different current densities (−100 vs. −200 mA/cm^2^) at 120 s of electrodeposition time) were evaluated ([Figure S1](#app1-micromachines-10-00511){ref-type="app"}). The film thickness measured from the cross-sectional image using an optical microscope was 5.2, 7.6, 9.3, and 10.1 µm with 30, 60, 120, and 180 s, respectively. With a lower current density (−200 mA/cm^2^), the thickness of the Bi-chitosan composite film was 11.5 µm for 120 s of electroplating time. ([Table S2](#app1-micromachines-10-00511){ref-type="app"}). The nanocomposite film thickness was increased with increased disposition time; as expected, time has a direct effect on film thickness. When using the same deposition time, the film thickness was increased with an increase in the current density. We have optimized the response of the sensor with respect to change in the current density and the deposition time.

3.2. Electrochemical Impedance Spectroscopy of Bi-Chitosan Modified Electrode {#sec3dot2-micromachines-10-00511}
-----------------------------------------------------------------------------

The electron transfer properties of the electrode after different surface modifications were determined by using EIS. It is generally known that the charge transfer resistance across the interface electrode/electrolyte is proportional to the diameter of the arc of the Nyquist plot at a constant bias potential \[[@B40-micromachines-10-00511]\]. [Figure 4](#micromachines-10-00511-f004){ref-type="fig"} shows the comparison of Nyquist plots between the bare carbon electrode, the chitosan modified carbon electrode, and the Bi-chitosan nanocomposite electrode. The Nyquist diagrams were processed using an EIS spectrum analyzer software to quantify the charge transfer resistance. The charge transfer resistance for the chitosan modified carbon electrode (398 Ω) was higher compared to the bare carbon electrode (235 Ω). This result indicates that the chitosan is hindering the charge transfer process on the fabricated electrode. In contrast, the charge transfer resistance of the Bi-chitosan modified carbon electrode (46 Ω) was 5.1--8.6 times lower compared to both previous electrodes. The value of charge transfer resistance depends on the insulating and dielectric properties at the electrode/electrolyte interface \[[@B41-micromachines-10-00511]\]. The above results illustrate that the Bi-chitosan nanocomposite film is facilitating the electron transfer process. The electrode/electrolyte interface plays a key role in the detection of analytes in electrochemical sensor. Thus, the enhanced charge transfer process of the composite material benefits the response of the sensor.

3.3. Optimization of SWASV Parameters for Pb(II), Cd(II) and Zn(II) Detection using the Bi-Chitosan-Coated Carbon Electrode {#sec3dot3-micromachines-10-00511}
---------------------------------------------------------------------------------------------------------------------------

The effect of SWASV operational parameters (e.g., heavy metal deposition potential, deposition time, amplitude, and frequency) on heavy metal detection with the Bi-chitosan nanocomposite sensor performance were evaluated. We selected the middle value of Bi-chitosan nanocomposite thickness (7.6 µm, −100 mA/cm^2^ for 60 s) for testing operating parameters. Optimal SWASV operational conditions were determined by adjusting applied deposition potentials for heavy metals, deposition times, amplitudes and frequencies at a fixed 10 ppb Pb^2+^ concentration in 0.1 M AcB at pH 4.5 ([Figure S2](#app1-micromachines-10-00511){ref-type="app"}). At a deposition potential of −1.4 and −1.2 V similar current peaks around 43 µA were shown. A previous study reported that H~2~ gas evolution was observed in negative potentials above −1.4 V, which led to diminishing of the sensor lifetime due to dark-brown burnt materials on the working electrode along with vigorous H~2~ gas evolution \[[@B42-micromachines-10-00511]\]. Therefore, −1.2 V was selected as a suitable deposition potential that would provide the maximum Pb^2+^ stripping peak current without hydrogen gas production. The effect of deposition time on the stripping peak currents was investigated for a range of 30 to 600 s. The peak currents for Pb^2+^ increased from 8.8 to 48.6 µA with increased deposition time, due to the amplified amount of metal ions deposited on the composite film surface over time. Conversely, the peak currents were not significantly increased over time and were even deemed unstable with a deposition time longer than 300 s. A previous study reported that longer preconcentration times (e.g., 300 and 400 s) were chosen for further routine analyses \[[@B43-micromachines-10-00511]\], therefore, 300 s was deemed as the optimal and practical deposition time. As demonstrated, the amplitude and frequencies displayed significant effects on the stripping response ([Figure S2](#app1-micromachines-10-00511){ref-type="app"}). The highest current was observed at an amplitude of 0.25 V and a frequency of 20 Hz, though the peak showed an ambient noise as a result of amplitude property \[[@B44-micromachines-10-00511]\]. Therefore, the amplitude of 0.05 V was chosen as the optimal amplitude. Overall, a deposition potential of −1.2 V, deposition time of 300 s, a pulse amplitude of 0.05 V and a frequency of 20 Hz were chosen as optimal parameters and were, therefore, used to construct calibration curves for evaluating heavy metal ion detection using the sensors. These parameters are analogous to the optimal SWASV operational conditions of both Bi-coated sensors and chitosan, which are −1.2 V of deposition potential, 300 s of deposition time, 0.05 V of pulse amplitude and 20 Hz of frequency \[[@B14-micromachines-10-00511],[@B45-micromachines-10-00511]\], suggesting that Bi and chitosan had no significant impact on the operational conditions for either material.

3.4. Effect of Electroplating Conditions on Bi-Chitosan Nanocomposite for Detecting Heavy Metal Ions {#sec3dot4-micromachines-10-00511}
----------------------------------------------------------------------------------------------------

[Figure 5](#micromachines-10-00511-f005){ref-type="fig"} shows the effects of different electroplating conditions on the sensitivity toward Zn^2+^, Cd^2+^, and Pb^2+^ at an equivalent mole concentration of 5 × 10^−9^ M (i.e., 3.3 ppb of Zn^2+^, 5 ppb of Cd^2+^, and 10 ppb of Pb^2+^), which were evaluated by the optimal SWASV operational conditions (300 s of deposition time, −1.2 V of deposition potential, 0.004 V of potential step, 0.05 V of amplitude, and 20 Hz of frequency). The highest current of 37.9 µA toward Pb^2+^ was obtained at -100 mA/cm^2^ for 120 s of deposition time (Electrode \#3 with 9.3 µm film thickness). A similar current was also observed at a half-reduced deposition time (Electrode \#2); however, 30 s was found to be relatively short for developing a sufficient Bi-chitosan nanocomposite film to deposit Pb^2+^ on the electrode. However, increasing the electroplating time (180 s) also showed a decrease in currents for detecting Pb^2+^, as low as 20.3 µA of Pb^2+^ due to a thick Bi film. The decreased stripping peak currents of Pb^2+^ that occurred for electrodes with a thicker Bi film on the surface (Electrode \#4 and \#5 vs. Electrode \#2 and \#3) is consistent with a previous study \[[@B46-micromachines-10-00511]\], suggesting that excess metal composite on the sensor surface may hinder the charge transfer of heavy metal ions during the stripping phase. Thin films can be saturated with heavy metal ions during the deposition and stripping step, while thick films have the limitation of mass transfer due to the diffusion occurring during the stripping step \[[@B47-micromachines-10-00511]\]. Therefore, the electrodes with different thicknesses show different sensing characteristics. It was found that 60-120 s of deposition time for Bi-chitosan nanocomposite was appropriate for Pb^2+^ detection. Unlike Pb^2+^, the current produced by cadmium ions (Cd^2+^) increased with increased electroplating deposition times and increased current densities ([Figure 5](#micromachines-10-00511-f005){ref-type="fig"}). Electrochemical detection of Zn^2+^, however, was only observed at −100 mA/cm^2^ and 60s of deposition time (Electrode \#2). From this experiment, it was concluded that for simultaneous measurements of 1.8 µA of Zn^2+^, 2.7 µA of Cd^2+^, and 37.2 µA of Pb^2+^ using the developed Bi-chitosan nanocomposite sensor, the optimal electrodeposition condition was determined at −100 mA/cm^2^ of current density and with 60 s of deposition time. With a suitable Bi thickness structure given by a deposition time of 60 s, the stability was greatly improved, being signified by an increase in sensitivity.

3.5. Characterization of Heavy Metal Detection in Low Concentration Solutions {#sec3dot5-micromachines-10-00511}
-----------------------------------------------------------------------------

Using the optimized nanocomposite film prepared at −100 mA/cm^2^ for 60 s of deposition time, simultaneous analyses of Zn^2+^, Cd^2+^, and Pb^2+^ concentrations in low ranges (1--5 ppb for Zn^2+^ and Cd^2+^ and 1--10 ppb for Pb^2+^) were conducted in a 0.1 M AcB ([Figure 6](#micromachines-10-00511-f006){ref-type="fig"}) by the optimal SWASV operational conditions (300 s of deposition time, −1.2 V of deposition potential, 0.004 V of potential step, 0.05 V of amplitude, and 20 Hz of frequency). Clear peaks were observed for Zn^2+^, Cd^2+^ and Pb^2+^ at ca. −0.99, −0.63, and −0.45 V, respectively ([Figure 6](#micromachines-10-00511-f006){ref-type="fig"}a--c). The corresponding values were then plotted and used to develop a calibration curve for each heavy metal. The corresponding calibration plots and correlation coefficients were I~p~ = 1.374*x* − 0.256 (R^2^ = 0.981) for Zn^2+^, I~p~ = 0.522*x* − 0.321 (R^2^ = 0.929) for Cd^2+^ I~p~ = 4.518*x* − 1.604 (R^2^ = 0.984) for Pb^2+^, (*x*: concentration (ppb) and *y*: current (μA)), respectively ([Figure S3](#app1-micromachines-10-00511){ref-type="app"}). Using the equation for a LOD calculation elsewhere \[[@B32-micromachines-10-00511]\], the LOD was determined to be 0.3 ppb of Zn^2+^, 0.4 ppb of Cd^2+^ and 1 ppb of Pb^2+^.

The simultaneous multi heavy metal ion detection of Zn^2+^, Cd^2+^ and Pb^2+^, using the optimized Bi-chitosan nanocomposite sensor, showed improved performance compared to previous results obtained from Bi film-modified electrodes ([Table 1](#micromachines-10-00511-t001){ref-type="table"}).

The developed nanocomposite sensor in this study showed relatively lower LOD for Zn^2+^, Cd^2+^ and Pb^2+^ (less than 0.2 ppb) compared to previously reported LOD values of Zn^2+^, Cd^2+^, or Pb^2+^ using other Bi-based carbon paste electrodes \[[@B56-micromachines-10-00511]\]. In addition, compared to other Bi film-modified coated electrodes (0.003--0.044 µA/ppb of Zn^2+^ and 0.038--0.941 µA/ppb of Pb^2+^) and chitosan-coated electrodes (0.268 µA/ppb of Zn^2+^ and 0.417 µA/ppb of Pb^2+^), the developed Bi-chitosan nanocomposite sensor showed excellent sensitivity (determined as a slope in a calibration curve) for detecting heavy metal ions (1.374 µA/ppb of Zn^2+^, 0.522 µA/ppb of Cd^2+^, and 4.518 µA/ppb of Pb^2+^) ([Table 1](#micromachines-10-00511-t001){ref-type="table"}). This relatively high sensitivity of the developed Bi-chitosan nanocomposite sensor suggests that chitosan has strong adsorption towards metal ions due to the presence of amino group (-NH~2~) \[[@B57-micromachines-10-00511]\]. Furthermore, presence of hydroxide group (-OH) makes the working electrode more hydrophilic which would further enhance the sensitivity \[[@B57-micromachines-10-00511]\]. The relatively good reproducibility (*n* = 10) with 4.2% of Zn^2+^, 3.6% of Cd^2+^ and 5.1% of Pb^2+^ relative standard deviations (RSDs) along with low LOD demonstrates the excellent analytical performance of the optimized Bi-chitosan nanocomposite sensor compared previous similar sensor development.

3.6. Application to a Real Wastewater Environment {#sec3dot6-micromachines-10-00511}
-------------------------------------------------

The improved sensor performance by the Bi-chitosan nanocomposite for simultaneous detection of Zn^2+^, Cd^2+^, or Pb^2+^ was further evaluated using real mining wastewater containing heavy metals and soil leachates extracted from a heavy metal contaminated site. To apply an electrochemical sensor for in situ measurement in a real sample (e.g., drinking water, wastewater, and leachate), a full characterization is required to understand the electrochemical behaviors of the developed sensors toward the specific water to be tested. One of the methods for characterization involved the use of a calibration curve constructed in the same (or diluted) water by spiking it with high concentrations of the ions to be detected. In order to evaluate sensor behaviors in real samples, a calibration curve for the detection of Zn^2+^, Cd^2+^, or Pb^2+^ in each sample was constructed ([Figure 7](#micromachines-10-00511-f007){ref-type="fig"}). Due to the relatively high and variable heavy metal concentrations present in the original mining wastewater and soil leachate samples ([Table S1](#app1-micromachines-10-00511){ref-type="app"}), they were diluted using DI water to obtain a relatively low concentration (Pb^2+^ was used as a reference for determining dilution factors) and spikes of the original samples were added (as a standard stock solution) to the diluted wastewater samples consecutively to construct a calibration curve for each wastewater sample. The diluted real samples showed well-defined Pb^2+^ peak currents in the range of 0 and 20 ppb ([Figure 7](#micromachines-10-00511-f007){ref-type="fig"}). However, Zn^2+^ peak currents were not detected in each sample although both the original (undiluted) samples have high concentrations of Zn^2+^ (11.5 ppm for mining wastewater and 439.2 ppm for soil leachate). This may be due to an interference of the presence of Cu^2+^ in the sample (10.5 ppm for mining wastewater and 38.1 ppm for soil leachate) on Zn^2+^ detection probably due to the Cu-Zn intermetallic species formation. It is well known that Cu-Zn intermetallic species can be developed on the working electrode surface during the deposition step, interfering Cu^2+^ or Zn^2+^ detection using SWASV \[[@B58-micromachines-10-00511],[@B59-micromachines-10-00511]\]. While Cd^2+^ was detected in the mining wastewater, Cd^2+^ peaks were not observed when testing the diluted soil leachate sample ([Figure 7](#micromachines-10-00511-f007){ref-type="fig"}) probably due to a lower reference LOD concentration than the LOD for Cd^2+^. As the soil leachate was diluted based on Pb^2+^, with a final concentration in the range of 8 and 20 ppb, the Cd^2+^ concentration was 47 times lower that this range (Cd^2+^ ≈ 0.16 ppb).

The sensitivity for Cd^2+^ and Pb^2+^ were 4.426 μA/ppb and 7.347 μA/ppb, respectively, for mining wastewater with a spiked concentration range of 1 to 4 ppb for Cd^2+^ and 0.7 to 2.8 ppb for Pb^2+^ ([Figure S4a,b](#app1-micromachines-10-00511){ref-type="app"}). With diluted soil leachate, the slope of the calibration curve was 0.113 μA/ppb for Pb^2+^ ([Figure S4c](#app1-micromachines-10-00511){ref-type="app"}). It should be noted that the sensitivity for Cd^2+^ and Pb^2+^ in a real sample may be different with metal ion interferences. Eight and six successive measurements with stable peak currents were recorded continuously using the Bi-chitosan nanocomposite sensor for mining wastewater and soil leachate samples, respectively. RSD and recovery were 1.3% and 106.7% for Cd^2+^ and 5.6% and 108.8% for Pb^2+^ for the mining wastewater and 3.1% of RSD and 93.4% of recovery was observed for the soil leachate sample ([Table 2](#micromachines-10-00511-t002){ref-type="table"}), indicating the excellent stability and reproducibility of the Bi-chitosan nanocomposite sensor in real wastewater. One of the advantages of using anodic stripping voltammetry (ASV) for heavy metal detection is that each heavy metal ion has its own potential window where it is anodically stripped (e.g., −1.3 to −1.1 V for Zn^2+^, −0.9 to −0.7 V for Cd^2+^, −0.6 to −0.4 for Pb^2+^, −0.2 to 0 for Cu^2+^, 0 to 0.2 for As^3+^ and 0.2 to 0.4V for Hg^2+^, respectively) \[[@B60-micromachines-10-00511],[@B61-micromachines-10-00511],[@B62-micromachines-10-00511]\]; thus, the presence of such metal ions theoretically shows no interference unless the potential windows are overlapped. Whereas, Zn^2+^ was not detected in real samples due to Zn^2+^ and Cu^2+^ interference possibly due to the formation of Zn-Cu intermetallic compounds (IC) during the deposition step \[[@B63-micromachines-10-00511]\].

3.7. Investigation of the Effect of Temperature on Heavy Metal Ion Detection in Real Wastewater {#sec3dot7-micromachines-10-00511}
-----------------------------------------------------------------------------------------------

To evaluate the performance of the developed Bi-chitosan nanocomposite sensor in a real wastewater environment under different temperatures such as 4 and 23 °C, experiments were conducted using mining wastewater and soil leachate. The temperature (\>25 °C) can be a thermodynamically influencing parameter in electrochemical sensing in water \[[@B64-micromachines-10-00511]\]. The average current and heavy metal concentrations of mining wastewater observed were 16.4 µA and 1.3 ppb of Cd^2+^ and 16.1 µA and 1.0 ppb of Pb^2+^ at 23 °C, respectively. A similar value was observed regarding the low temperature (4 °C) for both Cd^2+^ and Pb^2+^ in mining wastewater ([Figure 8](#micromachines-10-00511-f008){ref-type="fig"}a,b). There was only a decrease of 6.1% of Cd^2+^ and 4.3% of Pb^2+^ concentration in response to decreasing the temperature from 23 to 4 °C. In the soil leachate, a decrease of 4% of the highest Pb^2+^ (7.4 ppb at 23 °C vs. 7.1 ppb at 4 °C) concentration was observed ([Figure 8](#micromachines-10-00511-f008){ref-type="fig"}c). These results support that low temperature had minimal impact on heavy metal detection using the Bi-chitosan nanocomposite sensor. In turn, performance results of Bi-chitosan nanocomposite sensor showed that the modification of the electrode and optimization of the operating parameters prove effective for sensitive and selective in situ determination of Cd^2+^ and Pb^2+^ in real wastewater environments, independent of temperature variation.

4. Conclusions {#sec4-micromachines-10-00511}
==============

A Bi-chitosan nanocomposite sensor has been successfully designed and fabricated using a co-electrodeposition procedure. Optimized conditions provided a nanocomposite film which was successfully used for the detection of low concentrations of heavy metal ions less than 10 ppb. The Bi-chitosan nanocomposite sensor demonstrated an excellent sensitivity towards Zn^2+^, Cd^2+^ and Pb^2+^ with noticeably improved stability and reproducibility in comparison to previous results obtained from Bi modified sensors. The relatively high sensitivity of the developed Bi-chitosan nanocomposite sensor could be attributed to chitosan which has strong affinity towards metal ions due to the presence of an amino group (-NH~2~). The LOD values were 0.3 ppb for Zn^2+^, 0.4 ppb for Cd^2+^ and 1 ppb for Pb^2+^ ions and the RSDs were less than 5.1% for Zn^2+^, Cd^2+^ and Pb^2+^ during 10 repeated measurements. For real-world applications of the Bi-chitosan nanocomposite sensor, heavy metal detection in samples taken from mining wastewater and soil leachate was investigated. The RSD of the Bi-chitosan nanocomposite sensor was only 1.3% for Cd^2+^ and 5.6% for Pb^2+^ in mining wastewater and 3.1% for Pb^2+^ in soil leachate, respectively. In addition, temperature had a minimal impact on Cd^2+^ and Pb^2+^ detection for both samples, indicating that the combination of Bi and biopolymer (i.e., chitosan) can enhance the stability of the electrodes during heavy metal ion detection. The Bi-chitosan nanocomposite sensor could measure Zn^2+^ concentration in stock solutions that contained multiple heavy metal ions, but showed a limitation when applied to real wastewater samples due to chemical interferences between high concentrations of Zn^2+^ and Cu^2+^. The developed Bi-chitosan nanocomposite sensor was demonstrated for multiple heavy metal ion detection in real environmental samples obtained from mining wastewater and soil leachate.

###### 

Click here for additional data file.

The following are available online at <https://www.mdpi.com/2072-666X/10/8/511/s1>: Figure S1: Surface images of Bi-chitosan nanocomposite films; Figure S2: Effect of deposition potential, deposition time, amplitude, and frequency on the anodic stripping peak current of Pb^2+^ using a Bi/chitosan-coated sensor; Figure S3: Corresponding SWASV calibration curves of Zn^2+^, Cd^2+^ and Pb^2+^; Figure S4: SWASV calibration curves of Cd^2+^ and Pb^2+^ in the mining wastewater and the soil leachate; Heavy metal ion concentrations in mining wastewater and soil leachate samples is shown in Table S1; Table S2: Thickness of the Bi-chitosan nanocomposite films with different electrodeposition times and current densities.
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![A schematic of the Bi-chitosan sensor fabrication process. (**a**) Silver layer, (**b**) carbon layer, (**c**) insulating layer fabricated by screen printing, and (**d**) electrochemical co-deposition of Bi-chitosan nanocomposite film.](micromachines-10-00511-g001){#micromachines-10-00511-f001}

![XPS analysis of a Bi-chitosan nanocomposite film. (**a**) Survey peak, (**b**) Bi 4f spectra, (**c**) N 1s spectra, (**d**) O 1s spectra, and (**e**) C 1s spectra.](micromachines-10-00511-g002){#micromachines-10-00511-f002}

![Optical image of the fabricated sensor (**a**) SEM images of a Bi-chitosan nanocomposite film at (**b**) 30 k magnification and (**c**) 10 k magnification, and (**d**) SEM image of a bare carbon electrode at 10 k magnification.](micromachines-10-00511-g003){#micromachines-10-00511-f003}

![Nyquist diagrams of a bare carbon electrode, a chitosan modified carbon electrode, and a Bi-chitosan nanocomposite sensor. The impedance results were obtained using 10 mM potassium ferricyanide (K~3~(Fe(CN)~6~\]) as an electrolyte solution at a frequency range 10 mHz to 500 kHz.](micromachines-10-00511-g004){#micromachines-10-00511-f004}

![Effects of different Bi-chitosan nanocomposite preparation conditions on the detection of heavy metal ions. Electrode \#1: −100 mA/cm^2^ for 30 s, Electrode \#2: −100 mA/cm^2^ for 60 s, Electrode \#3: −100 mA/cm^2^ for 120 s, Electrode \#4: −100 mA/cm^2^ for 180s, Electrode \#5: −200 mA/cm^2^ for 120 s. The heavy metal concentrations are 3.3 ppb of Zn^2+^, 5 ppb of Cd^2+^, and 10 ppb of Pb^2+^. Heavy metal deposition time is 300 s with a −1.2 V deposition potential, 0.004 V potential step, 0.05 V amplitude, and 20 Hz frequency.](micromachines-10-00511-g005){#micromachines-10-00511-f005}

![SWASV of multiple heavy metal detection (**a**) Zn^2+^, (**b**) Cd^2+^, and (**c**) Pb^2+^ in 0.1 M AcB at pH 4.5. Heavy metal deposition time is 300 s with a −1.2 V deposition potential, 0.004 V potential step, 0.05 V amplitude, and 20 Hz frequency.](micromachines-10-00511-g006){#micromachines-10-00511-f006}

![Heavy metal detection using the fabricated Bi-chitosan nanocomposite sensor in (**a**) mining wastewater and (**b**) soil leachate samples. The mining wastewater dilution factor and soil leachate dilution factor are 80 and 50,000, respectively. The spiked data for calibration curves were plotted after baseline subtraction.](micromachines-10-00511-g007){#micromachines-10-00511-f007}

###### 

The reproducibility of heavy metal detection under different temperatures of (**a**) Cd^2+^ and (**b**) Pb^2+^ in a mining wastewater sample, and (**c**) Pb^2+^ in a soil leachate sample using the Bi/chitosan-coated carbon electrode.

![](micromachines-10-00511-g008a)

![](micromachines-10-00511-g008b)

micromachines-10-00511-t001_Table 1

###### 

Comparison of heavy metal detection between the developed Bi/chitosan-coated sensor and other Bi film sensors previously reported.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Electrode Substrate                 Analytical Method   LOD (ppb)   Reproducibility (*n*)   RSD (%)   Sensitivity (µA/ppb)   References                                               
  ----------------------------------- ------------------- ----------- ----------------------- --------- ---------------------- -------------------------------------- ----------------- -----------------------------------
  Bi~2~O~3~-modified SPE \*           DPASV               \-          2.1                     1.1       8                      8.4 (Cd^2+^)\                          0.027 (Cd^2+^)\   \[[@B48-micromachines-10-00511]\]
                                                                                                                               7.7 (Pb^2+^)                           0.061 (Pb^2+^)    

  Bi precursor compounds coated SPE   DPASV               \-          0.08                    0.1       8                      3.1 (Cd^2+^)\                          0.019 (Cd^2+^)\   \[[@B49-micromachines-10-00511]\]
                                                                                                                               2.3 (Pb^2+^)                           0.038 (Pb^2+^)    

  Bi oxide SPE                        SWASV               \-          2.5                     5         10                     10 (Zn^2+^)\                           0.003 (Zn^2+^)\   \[[@B50-micromachines-10-00511]\]
                                                                                                                               5 (Cd^2+^)\                            0.07 (Cd^2+^)\    
                                                                                                                               7 (Pb^2+^)                             0.085 (Pb^2+^)    

  Bi nanoparticles carbon SPE         SWASV               1.3         1.7                     4.9       \-                     2.7-7.4 (Zn^2+^, Cd^2+^, and Pb^2+^)   0.044 (Zn^2+^)\   \[[@B51-micromachines-10-00511]\]
                                                                                                                                                                      0.106 (Cd^2+^)\   
                                                                                                                                                                      0.941 (Pb^2+^)    

  Bi nano-powder electrode            SWASV               \-          0.15                    0.07      5                      1.3 (Cd^2+^)\                          \-                \[[@B52-micromachines-10-00511]\]
                                                                                                                               4.7 (Pb^2+^)                                             

  Bi film SPE                         SWASV               10.3        6.8                     3.6       \-                     \-                                     \-                \[[@B53-micromachines-10-00511]\]

  Bi film SPE                         SWASV               0.5         0.3                     0.8       \-                     2.7 (Zn^2+^)\                          0.009 (Zn^2+^)\   \[[@B54-micromachines-10-00511]\]
                                                                                                                               3.4 (Cd^2+^)\                          0.203 (Cd^2+^)\   
                                                                                                                               4.5 (Pb^2+^)                           0.173 (Pb^2+^)    

  Nano porous Bi-coated carbon SPE    SWASV               \-          1.3                     1.5       40                     3.1 (Cd^2+^)\                          0.137 (Cd^2+^)\   \[[@B55-micromachines-10-00511]\]
                                                                                                                               4.3 (Pb^2+^)                           0.117 (Pb^2+^)    

  Chitosan-coated carbon SPE          SWASV               1.2         \-                      1         30                     4.8 (Zn^2+^)\                          0.268 (Zn^2+^)\   \[[@B45-micromachines-10-00511]\]
                                                                                                                               5.4 (Pb^2+^)                           0.417 (Pb^2+^)    

  Bi/chitosan-coated carbon SPE       SWASV               0.1         0.1                     0.2       10                     4.2 (Zn^2+^)\                          1.374 (Zn^2+^)\   This study
                                                                                                                               3.6 (Cd^2+^)\                          0.522 (Cd^2+^)\   
                                                                                                                               5.1 (Pb^2+^)                           4.518 (Pb^2+^)    
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\* SPE: screen-printed electrode.
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###### 

Heavy metal detection in real environmental samples (23 °C) and sensor performance validation.

  Sample              Reproducibility (*n*)   RSD (%)   Analysis             Recovery \*\* (%)               
  ------------------- ----------------------- --------- -------------------- ------------------- ----------- ----
  Mining wastewater   Zn^2+^                  \-        \-                   \-                  11.5 ppm    \-
  Cd^2+^              8                       1.3       106.7 ± 2.1 ppb \*   100 ppb             106.7       
  Pb^2+^              8                       5.6       76.2 ± 6.1 ppb \*    70 ppb              108.8       
  Soil leachate       Zn^2+^                  \-        \-                   \-                  439.2 ppm   \-
  Cd^2+^              \-                      \-        \-                   8.4 ppm             \-          
  Pb^2+^              6                       3.1       368 ± 17 ppm \*      394.4 ppm           93.4        

\* Heavy metal concentration = sensor detection (ppb) × dilution factor. The mining wastewater dilution factor and soil leachate dilution factor are 80 and 50,000. \*\* Recovery = (heavy metal ion concentration determined by the developed Bi-chitosan nanocomposite sensor/heavy metal ion concentration determined by ICP-MS) × 100%
